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ABSTRACT—The role of air pollutants in the soil-
ing of 4 limestone building was investigated by mea-
suring pollutant airborne concentrmtions and deposi-
tion at different heights at the Cachedral of Learning
m Pittshurgh, Pennsylvania. Aithorne concentrations
of sulfate parncles (80, carbon parricles, sulfur
dioade gas (50),), and total NOy- (pardcles +
HMNO3) were measured simuleaneously on the Sth
floor, 16th floar, and roof {42d door), while Liser par-
ticle counts of >0.5 pm and =5 pn particles wers
obtuned on the 5th and 16th Boors. S0 deposition
Huxes w0 wall-mounted wirrogate surfaces were mea-
sured at a total of nine locations on the 5th and 16th
floars. Measurements were conducted durmg foue 4-
week time periods over ane year, Ruesults showed har
achorne condentrations of the chemical species were
invariant with height, Airhorne number concentra-
uons of =05 pm particles corroborated this resule
Although nat reflected 1n the chemical data, measured
number concentrations of >3 pm particles on the
L6th tloor were on average 30% greater than those on
the 3th floor, The spanally averaged highest and low-
est deposition velocites of 505 (1.0 ands and 0.6
emds) never differed by more than a factor of two for
the different ime periods. The relative differences in
depasition velocities: from one locaton to another
were consistent throughout all of the sampling exper-
unents. The 1dh foor deposition velocines. were
greater than those on the Sth Boor due, at least i part,
tor the face that sampling locations on the 16ch floor
were more exposed to wind The absence of gradients
sipggests that soiiing patterns on the cathedml are
determined by the compenting processes of pollutant
deposition and rin washing: This hypothesis 15 sup-
ported by comparing soiling patteros on the cathedral
from the 193tk with recent patterns: Archival pho-

tographs show much greater amounts of sailing, con-
sistent with the greater air polluton levels thar exist-
ed then, Peesults of this study can assist i designing
cleaning and treatment protocols for other buildings
with similar geomerry 10 similar envicomments.

TITRE—Gradient verncal de la concentration des
polluznts et de Pécoulement des dépdis sur un haut
edifice en calcaire, RESUME—Le rdle qu'ant les
polluancs dans la productoen de dépats de salerd sur les
cdifices en caleaire a1 £té fcudié dans le cas de la
Cathedmal of Learming, 4 Pitishurg, en Pennsylvanie,
it inesurant les concentranions des polluants dans Pair
et les dépoes de saleté coreespondant i la méme hau-
teur de 'edifice. Les concentrations sériennes de paz
503, de particules de 807 et de carbone, ainst que de
Ny sous forme de particules et de HNGS ont foé
mesurées simulranément 4 la hauteur des cinguidme,
selziéme el guarante-deuxitme fages (o) de
cathédrale. Le compte au laser des parncules mesurant
plus de 0.5 microns et plus dc 5 macrons fur obteny
seulement pour les cinquiéme el wiziéme étages. Les
écoulements de dépds de 50 sur des surfices de
conmole nstallées contre les murs furent mesurés i
neuf endroits différents aux cinquiéme e seiziéme
érages, Les mesures furent effectuées pendant quarre
pértodes de temps, chacune d'une durée de quatre
semmaines, durant le courant d'une année, Les résulrats,
cornoborés par les données relatives dux particules de
plus de 0,5 micrans, démonteent que les céncentra-
tons aériennes des différences espéces chamiques ne
varient pas en foncnon de li bauteur. Le nombre de
particules de plus de 5 microns éralent en moyenne
0% plus elevé au nveau du selzéme etage pac rap-
pore 3 celul du o cinguigme &tage, quoigue |“aoalyse
chimigue ne refléte pas ce résuluar La movenne spa-
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tiale des extrémes des vieesses de déposinion du SO0,
(L0 condeen U6 emds) n'a jamais variée au-deli dan
facteur do deux, lors des. differences périades de
bemips.  Les difffrences relatives dans les vitesses de
deposition entre les différents. endroits msurés one
ere conformes pendamt wute la durée de Véchanril-
lonnage. Les vitesses de déposition éraient plus élevées
aw seiéme quian comguidme érape: ceci fmit par-
nellement &6 au (it que les endroits mesurés daien
plus exposds au vent. Labsence de gradiencs sugpere
que les dépéns de saletés sur les murs de la cathédrale
se font en fonction de deux processus qui s'opposent:
te dépar des polluans, et leffer nettoyant des plhuies:
Une comparsison des dépdts de salerds produits lors
des annges trente ¢t ceux produis aujourd'hui semble
confitmer  cetre hypothése. Des photographics
darchives moneeent gu'il v avair beaucoup plus de
dépéts, ce qui s'explique par le plus haut taux de pal-
lution de I'époque. Les résultacs de cette &rude peu-
vent uder i concevorr des porotocoles de nemtovige et
de traitement pour des édifices geomitniquement
semblables se trouvane dans un environnement simi-

laire.

TITULO—Gadientes verticales de concentracion de
contarirantes v fujos de sedimentacidn en un edifi-
cio alto de predra caliza, RESUMEN—EI ral de los
contameantes aunostericos en I adguisicién de
suciedad de un edificio de piedra caliza fue investga-
do midienda i concentracién v la sedimentacion de
contaminantes en el airc a diferentes alouras del edifi-
vie "Carhedeal of Learning” ¢n Pitsburgh, Peansilva-
niz, EE. UL Las concentraciones armosfericas de
particulas de sulfaso (S0, pariculas de carban, gas
sulfiuro (S04) v 1a cantidad ol de NO; (particulss +
HMNO4) fueron medidas simultineamente en los pisos
510y 6y en el techo (piso 42, 1 la vez que se abru-
vienn compuros laser de particulas de > 0 5pm ¥
=5uem en los pisos 5 v 16, Los flujos de sedimentacian
de 505 en superficies sustitneas de muros ascendentes
se enidieran en oueve ubicaciones en los pisos 5 v 16,
Las mediciones se realizaron durante un afio &0 cua-
o pericdos de custeo semanas cada une. Los resalea-
dos demuosteaeon gue a8 concentraciones snosericas
de especics gquimicas no variaban con la e, El

rlners de concentraciones atmosfErics de = (1 Spum
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partteulas corroboraron este resultado. Aungue nose
retleo en la nformacion quinues, los nlimens de
concentracon de particulas de > Spm medidos en el
pio I eranen promedio un JB6 mayores que aque-
las en ef piso 5, Las velocidades espaciales de deposi-
ciom de S04 mayors v menores, nunca difivieron en
s de un facter de dos en los diferentes periodas de
tlemipo, Las diferencias relatvas en velocidades de
sedimentacion de wna vhucacian 1 o fueron coisis-
rentes en todaes los experimencos del muesirea. En el
piso 16 las welocidades de sedimentzcidn Fueron
nuayores que aquellas del piso 5 debido, 2l menos en
parte, af hecho de que lus ubicaciones del piso 16 esta-
ban mis expueitas al vienro, La ausencia de gradienres
sugiere que los patrones de adqusicidn de seciedad
del edificio estan decerminados por los procesos de
sedmentacion de contanunantes v el lavada de la M-
via, compitiendo entee i Esta hipdresis se sustenta
comparands los parrones de adquisicion de suciedad
del edificio en los anos 30 con patrones recientes.
Fotografias de archive mueseran mayor canndad de
suciedad, comsistente con los mavores niveles de pelu-
cion atmosférica que existan entonces: Los resultados
de este estudio pueden contribuir al disefio de proto-
colos de linpmeza v tratamientos pars o edificias con

geometrias sionibares, en medio-ambientes similares,

L INTRODUCTION

Several types of building stone deterioration
have been well documented, includimg discol-
oration, erosion of material. and changes in the
physical and chemical characteristics of the sur-
face. Developing strategies to prevent this dete-
rioration requires knowledge of the processes by
which the damage occurs—for example, by
deposition of ar pellutants or by biological
growth on the stone surface. Furthermore, the
chaice of cleaning and restoration techmigues
depends on the processes causing the damage.
Differentianing between pollutant deposstion
and biological growth s difficult and generlly
requires on-site testing, Unfortunately, getting
access tor the building walls sometmes demands
scaffolding, and due to expense scaffolds are typ-
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Fip. 1. Location map centered al the Carthedral of Learrnge enlarged from 7.5 minute by 7.5 minute Ulnoed

States Creological Survey map (19549

ically narerected unnl shortly befors restoration
work begins. Thus, carly denafication of the
primary deteriorating or discoloring jeene s
often difficult and rentarive,

In this study, Beld measurements of air pollu-
tant concencrations and deposition are used in
conjuncuen with archwval photographs o drn

conclusions regarding the role of pollutines

the soiling of & wll buldmg, The strucoure of

imterest 15 the 42-story Cathedral of Learning, a
Marional Historic Landmark on the Universiny
of Pitsburgh campus {fig. 1}, The building s
made af Indiana lmescone and was constroced
berween 19249 and 14937 Sance the time of con-
struction, there have been numerows ar polblu-
ot sotrces witlon a few kilometers of the
building. These include steel manufacturmg
plants that employ coke ovens and blast furnaces,
f L‘:::||—]J||rr|l|r|g steam plant, heavy motor vehicle
traflic, coal-burning railroads and riverboars, and
a large number of domestc coal combuston

simirees sich as home turnaces;

At present, two sides of the Cathedral of
Learning have extensive sotling, partcularly on
the lewer two-thirds of the buildimg, fn a siody
on the alteration crust at the cathedal, MeGee
{1998k

report that iron- siheon-, and aluminum-rnich fly

[199s, 1997 and Eryvemezian er al

ash particles are found i samples of soeiled sur
taces and that such particles are much less preva
lent m samples of unsoiled surfaces. This resule
indicates that surface soiling ac the cathedral is
primarily due to the deposic of anthropogenic
particles to the bulding walls

Fhis research had chree major objectives.
First, we wanted to dentify the exwent to which
wrborne  concentrations of certan pollutans
vary with height on the cathedral The pollutants
of interese include Sf_}ﬁ' parcicles, carbon pardd
cles, sulfur dioxide gas (5035). woral NO5
(HMNOy gas and MOy~ parncles). and ol par-
ticle number. Such information can provide
wisizhr ineo the relative importance of docal and

regronal sources of pollutns as well as pathsas

JALL 3T R [R7-2(0
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for delivery of pollutants to the building sudface,
Second, we wished to examine variations in dry
deposition of 5G4 with height and location, This
informaton can provide insight into whether
the variability in pollutant deposition 5 pardy
responsible for the observed soiling patterns,
Third, we wished to consider long-termi varia-
tons i sotling patterns on the building in light
of changes in pollution cancentrations. This part
of the project made use of previously obtained
historieal pollutant data 35 well as archival pho-
tographs, Such information enabled us o mves-
tigate the roles of pollutant deposition and sub-
sequent wash-off by rain in affecting che soiling,
Although this study focused on only one build-
g, the results may also be applicable to similarly
structured buildings in similar environments.

2. BACKGROUND

Caleareous stones exposed to the atmosphere
are vulnerable to attack by several processes
that cceur naturally These processes include
microbial actvity on the stone surfice, dissolu-
tion by rain, and physical stresses such as freeze-
thaw cycles. Anthropogenic air pallutants are
frequently responsible for accelersted deterin-
ration, both directly through physical and
chemical attack, and indirectly by providing
substrates for microbaal growth,

In recent years, considerable attention has been
given to the role of biological agents in damage
to buildings (e, Wilmzig and Bock 1995; Free-
mantle 1996; Matchell et al. 1996 Young | 9960}
In general, species of fung, algae, hchens; and
bacteria have been found on surfaces of building
stones (Bock and Sand 1993). These organisms
can accelerare deterioration cither by physical
processes such as alteration of the nornul wee-
tng-drying eycle Young 1996a) or by chemical
processes such as mineral and organic acud pro-
duction and the secretion of meral-chelanng
agents (Palmer ez al. 1991). It is difficulr o estmate
the quantines and overill effects of bindeteriogens;

i part because the fecundity and productivity of

these organisms are stongly dependent on

JAIC 37(1998); 187-210

mdcroenvironmental Bictors, These include inso-
latien, stone type and porosity, surface and air
ternperatures, availability of a sumable subserace,
and availability of water from incident i, stone
pore capillarity, or condensation and evaporatian
eveles (Bock and Sand 1993). In addidon to the
expected tempor]l vanabiliy caused by changes
i the weather (Tayler and May 1991), there can
be considerable spatal variability over sharr dis-
rance scales, Understanding biodeteriorznon
processes is further confounded by a possible cor-
relacion between air pollution levels and odete-
rioranes rates (Young 1996a). For example,
Warscheid et al, (1991) have shown that some
chemo-organowophic bacteria {solated  from
sandstanes of historic monuments are able o ut-
hze petroleum derivatives as sources of carbon as
well as energy,

severad categories of air pollutants can accel-
erate the natural deterioration of stone through
twa' prifry’ processes! wet deposinon. and dry
deposinon (e, Amoroso and Fassina 1983; Sher-
wood et al, 1990). The former refers to the depo-
sion ofa pollutant by a precipitation process such
a5 TN or snow; acid min 15 an example. Several
authors have consdered the effects of acid ram on
calcareous: stones (Braun and Wikon 1970; Liv-
mgston 1992; Huorchinson et al, 1993; Mossatu
and Eldeeb 1994 Winkler 19%6). Dy depositian
includes those processes by which pollutns are
mansported to the surface in the absence of pre-
cipitaion and become physically or chemaeally
bouncd te the surface. Damige to calcareous build-
ing stone by dry depositon has been attributed
largely to sulfur diowade gas (SO5). For example,
Meierding (1993) found that mean surface reces-
sion rates of century-old Vermont marble tomb-
stones i the United Suates were well correlated
with 50 concentrations, In addinon, some
authors. point out that mmc acd gas (HNO4)
may atso be sorbed onto a carbonate surface (Fen-
ter etal. 1995; Kirkitios and Sikiotis 1995),

The remeval of 5O by certain stone types 5 a
well-documented phenomenon {(Judeiks et al.
1978). Caleareous stones subjected to high relative
humidity develop a mowst surface baver where 50,



VERTICAL GRADIENTS OF POLLUTANT CONCENTRATIONS AND 41
DEPOSITION FLUXES ON A TALL LIMESTONE BUILDMNG

o patia

Fig. 2. Sampling sites at the Cathedral of Learning

can readily dissolve (Spedding 19659 Spiker et al,
19495); mn general, the rate of disolunon increases
at higher reladve hurmdines and wind speeds
{Spiker et al. 1995). Dissolved SO5 can then ox-
dize to form a sulfite {5033'} or sulfare [5(_'}41')
species. The oxidation process results in the pro-
duction of acid, which can cause the calcium car-
bonate (CaCO4) 0 the stone 1o dissolve, When
calcium 1ons {Caj+}l combine with 5052' or
S{Jql‘. CD32' is effectively displaced from the
stone surface. This process, known as sulfadon,
may also involve gascous and particulate air pollu-
tants ather than sulfur species, Gases such as pzone
(Oq) (Haneef et al. 1992) and nitrogen dioxide
(MO (Johansson et al. 1988) have been shown o
increase: SO5 deposition to limestone. Surface
crust analyses of darmaged stone have also shown a
close relaton between deposted anthropogenic
particles and the formaton of gypsum cryseals
{Del Monte e al. 1981; Zappia et al. 1993; Sab-
binni 1994}, sugpesting a relatonship between sul-
fation and the presence of airborne particles,
Huowever, Hutchinson et al. (1992) have reported
that limmestone seeded with coal fly ash or trans-
tion metal oxde catalysts s not susceprble o ele-
wated 504 deposition. These authors suggest that
seeding stone samiples with oxidaton catalvses has
a negligible effect because matural stones already
contain high levels of impurities, In contrast, seed-
ing pure CaCO5 with metal oxide catalysts does

plan view

_:/

increase the mte of sulfadon.

Urban air polluton studies have considered
effects of buildings on dispersion of velucle emus-
sions as well as dispersion of individual plunes
from stationary sources. ln general, dispersion of
vehicle emissions in strect canyons is a function of
the building height divided by the street width,
known as the aspect mtio (Lee and Park 1994), as
well as the geometric confipurations of city
blocks, the ambient wind direction, and the move-
ment of motor vehicles (DePaul and Sheth 1986;
Drabberdt and Hoydysh 1991; Hoydysh and Dab-
berdt 1994). Qin and Chan {1993) and Oin and
Eor {1993) have reported thar significant differ-
ences in carbon monoxide and nirrogen oxides
(MO} concentrations exist berween the top and
bottom of buldings surrounding street canyons in
Guangzhou, China. Qin and Kot (1990) have also
shown thar vehicle maffic near a 31-story (100 m)
tower can result in elevated WO, concentrations
near the downwind building surface uwp to a
height of 66 m. The effect of a building on the dis-
pension of a stationary source plume is, in generl,
dependent an the building geomerry, source loca-
non, and prevailing wind conditions (e.g., Huber
er-al, 1991; Lee et al. 1991; Thompson 1993), In
sorme cases, direct measurement of the spatal vari-
abilicy of air pollutant congentrations may be eas-
ier than applicanon of theoretical considerations,

JALC 3F(1998): 187210
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Fig. Ja. Wind direction cccurrence frequency
Markers imdicate the fraction of tnie wind
blowing from the indicated direcuion during the
sampling periods: November 20-December 18,
1995 Pebeuary 1=29, 1996; and May 14-June 12
1996. Dara were oot available for the July
Zé-Aupgust 21, 1996, sampling period. Measure-
meents were made at the AGC meteorological sta-
tion 10 km south of the Cathedral of Learning,
Drata were obained from che Mational Climane
Draea Clenrer web page,

3 EXPERIMENTAL

Vertical gradients of pollutant concentrations
and deposition tluxes were measured by sam-
pling ar varying elevations on the Cathedral of
Learming. Three locstions were chosen for
sampling: the 5th floor and 16th floor patios
on the southeastern facade and the pato on
the roof {fig. 2). The southeastern facade was
chosen for two reasons: Fiest, it was one of the
two heavily soiled sides of the building {the
northeastern facade being the other). Second,
the 5th floor and 16ch flocr patios on the
southeastern facade were frequentdy on the
windward side of the cathedral {fig. 3) where
mixing is not affected by the wake caviry of
the bwlding,

The vertical gradient experiments were
conducted on four separate occasions berween
Nowvember 20, 1995, and August 21, 1996, The
experiments were scheduled so that representa-

JAIC 3701998): 187-210)

Figr. 3h. Wind speed occurrence, Markers indicate
the average wind speed (meters per second) whien
the wind is blowing from the indicated direction
during sampling periods: Movember 20-December
L8, 1995; February =29, 1996; and May 14-June
12, 1996, Data were not available for the July
24-Mupust 27, 1996, sampling period. Measurements
were made ar the AGC meteoralogical seatnon 10
km south of the Cathedral of Learning, Daty were
obramed from the Mational Climatic D Center
web page,

twve sets of data were obtamed during the differ-
ent seasons of the year {table 1). Each set of
experiments included four consecutive sampling
periods of 1 week each. Sampling was uninter-
rupted throughout this period excepr for
approximately 3 hours cach week for changing
samiples. Airborne concentrations of $O,% par-
ticles, 505 gas, and toral NOy~ species [Ny
particles and HNO; gasj were measured, Air-
borne concentrations of elemental and organic
carbon particles were measured during the fall
and wanter experiments only. For the spring and
sutnmer experiments, polycarbonate membrane
filters were used in place of the carbon measure-
ments to obtamn samples for scanning electron
microscopy (SEM) analysis, Laser particle coun-
ters were wed to provide real-time data for
number concentrations of particles wich diame-
ter = 0.5 pm and = 5 pm. Each st of experi-
ments also included two 2-week measurements
of S0 deposition fluxes.
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TABLE | SAMPLING SCHEDULE AT THE CATHEDRAL OF LEARNING

| Fal 110ame 2

Diate L2595 Lif2ims L2AS5 1M 121885
Teflon. nyles, and celbalose filiers T T = ] r |
Druastz fidiers (] ] ] . I 1
Pedycarbooate filler
Surraeic wefaces = I ]
Laser panicle cousters

Winber 215615
[yare 111 ] 25t L2l 27
Teflen, iyles, aml éelbalose flers I 1 1 |
Quasts filters L I 1 ] |

Pelvearbonate fdier

Surrigaic smfaces
Laser particle coumiers

Spring 31456412
Dizte RN R 22N RIFel ] LR B9
Teflen. nylon, and cellalose finers [ T T I |
Qusme Tiers

Potycarbonate illor I - -
iz unbinin '—‘—“
Laser panicle courters

Sammer T24 9682 1%
Diage T4 TG L] LUE plet b
Teilan, nylom, mnd cellwluse flers B3 I 1 T BT T g |
Cpzarrr filiess

< mebmzl

Pulysartwmale Tikier [ - . - —_— i e
Sutrope yaturs “’

Laser particle counzers

Merucal line jinficate 2 sample change,
A Modata past 1696

All sampling was conducted using identical
sets of sampling equipment ar each sire, two
replicate sets for airborne concentrations ‘and
tour sets for deposition fluxes. Airhorne concen-
rranons were measured on patos on the Sth
floar, I6th foor, and roof of the cathedral.
Dreposition flux and laser particle counter mea-
surements were conducted on the 5th and 16th
floors only.

31 AIRBORNE CONCENTRATIONS OF
CHEMICAL SPECIES

Many of the procedures for measuring con-
centrations at the cathedral were developed by
Gould et al. (1993). Air samplers were placed on
supports 1.5 m above the surface of the patios,
Concentrations of anions were measured using
multistage Teflon filterpacks (Savillex Cuorp.)
with 47 mm diameter filters. Each filterpack
included o Teflon Zefluor filter (Gelman
PSPLU4T, | um pore size) followed by owo
back-to-back nylon Nylasorb filters (Gelman
66509, These were followed by two sets of potas-

sium  carbonate mpregnated cellulose filters
(Whatman 1441-047, ashless), with each set con-
sisting of two back-to-back fileers, The Teflon fil-
ters were used to sample 50,2 and N5 parti-
cles, while the nylon and cellulose filters were
used to sample HNCH and SO, respecavely. A
eritcal How orifice mantained the flow ac 1 liter
PeT minuce.

stainless steel Glter holders (Millipore 350
47-11,  open-faced) were used with 47 mm
diameter quartz fiber filters (Pallflex 2300 QAT-
UP) to measure carbon. A critical flow orifice
mraintained the low ac 3 lieers per minue. These
same filter holders were used wath polvearbonare
membrane filters (Costar Nuclepore PC-MB-47
mm, (4 wm pare size) for SEM analysis: A meter-
ing valve (Hoke 1636 G4YA) was used to main-
tain the flow ar (.2 liters per minute chrough the
membrane fleers, For all filter sampling systems, 3
dry rest meter (Singer DTM-115) was wvsed to
obtun accurate flow raves at the beginning and
end of each sampling run,

The Teflon, nylon, quartz, and polvearbonate
fileers were wsed as received from the manufac-

JAIC 37(1998): 187-210
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Frg. 4. Schematic of a vertical deposinon sheet and main shicld

turcr withour washing. The cellulose filters wers
mmersed in a solution consisting of 76 ml
deionized (DI) water, 24 ml glycerin, and 15 g
KoC0y, The filters were then dried on 2 hot
plate covered with clean aluminum foil. Dey il
ters were placed in clean polyethylene bags
{Clean Roem Products 6 MIL-04063, heat-
sealed, and stored in a dessicator. One batch of
celiulose filters was prepared at the beginning of
each of the four sets of sampling cxperiments
and used throughour that set,

Filterpacks and associated tubing were washed
using three rinses with DI water, one rinse with
methanol (Fisher Scientfic, Optima grade), 30-
rruriute sonication in a D water bath, and two
subsequent rinses with DI water. All procedures
after washing such as drying, loading, assembling,
and unloading of the filterpacks were performed
inside a larminar flow hood. Filters were handled
only with clean Teflon-coated tweezers. Assem-
bled filterpacks were placed in clean polyethylene
bags. Freld blanks of all filters were prepared in
the same manner a5 the samples. Air was drawn
through the blanks for 3-8 munutes prior to each
simpling period.

When unloading the filterpacks, the same con-
vomnation control procedures were  observed.
The Tetlon, nylon, and cellulose flters were
plced in clean 30 ml polypropylens bottles. The
two seis of back-to-back cellulose filters were

JALCT AT(1408): 1H7-=210

placed in separate botdes, and each ser was ana-
Iyzed indrvidually. The quartz fiber and polycar-
honate membrane filters were unloaded into
elean 47 mm polypropylene peeri dishes, With
the exception of the palvcarbonate membrane
samples; all filters were frozen for later analysis.
The guartz fiber filters were shipped frozen o
the Desere Research Insttute for analysis by the
thermal opucal reflecrance method (Chow et al.
14953

The Teflon, nyvlon, and cellulose filters wers
analyzed by ion chromatography, Extractions
were performed in a laminar flow hood. The
upstream faces of the Teflon filters were wetted
with 1 ml methanol, and 29 ml of D] water were
subsequently added to the sample botde, Thirry
ml of 0,003 M sodivm hydroxide and 30 ml of
0.05% hydrogen peroxide were added to the
botdes contummg the nylon and ¢ellulose filters,
respectively. Sample bottes were sonicated for
45 minutes, After sonication, the nylon and
Teflon flters were removed from the sample
bottles and discarded. The cellulose filters
remaned immersed 1 the extract solution
Extract solutons were refrigerated in order to
mamtain sample integrity,

lon chromatography analysis was generaily
performed within 2 or 3 days of the extracdons,
Analyses were performed on a [honex 45001
wm chromatograph using 2 4 mm AS4A anion
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Fig: 5, Concenrranens averaged over all four seasans

column. Samples and stndard solutions for cal-
thrating the instrument were manually injected,
Adter each injecton, the syringe was rinsed with
I water several nmes. A standard solution was
analyzed ar leist once every 2 hours, All sample
handling occurred in 2 laminar low hood.

32 LASER PARTICLE COUNTERS

Tawe TSI model 3735 laser particle counters
(LPC) were used 1n these experiments, The
LPCs were mounted with the nowsle side tacing
down at 3 height of 1.5 m above the panos. A
laptop computer was used 1o log paracle coune
data on a Z-nunute basis, Some data were not
properly logged during sampling periods either
because the laptop did not record LPC sigmials or
because the inler was clogged with large parti-
cles, Problematic data were easily recognized and
discarded. High particle concentrations mea-
sured by the LPC had 1o be corrected for dou-
ble counts in accordance with the manufactur-
ers recommendations.

33 VERTICAL DEPOSITION SAMPLING

Peposition fluxes of 500 were measured on
125 mm potassium carbonate impregnated cel-
lulose filters (Whatman 1441-125, ashless). Four
of these filters were mounted on a thin Teflon-
coated alumnum plate. Flar Teflon rings (inner
diameter = 105 mm) were placed on cop of the

concnniratlon Lgim'

species

Fig. . Seasonal concentrations averaged over the

theee sumpling Tacations

filters. Labeling tape was used to fasten the rings to
the plate, The fully asembled plates were rans-
ported to the cathedml in a polvethylene tray
encased in a clean bag. Field blanks were exposed
ferr approsaimately 1) munuees in the same manner
as the samples: As with the airborne concentration
filters. loading, unloading, and drying of equipment
were performed on a cléan surfice moa lamanar
flow hood. Extracton and son chromatography
analyses were conducted m the same manner as for
the arborne concentration cellulose flters; except
that 120t ml of hydrogen peroxide exeracnion solu-
ton was vsed for each filter,

Mine Teflon-coated aluminum plates were
exposed simultineously in each deposition
sampling period. The samples were placed at six
locatsons on the 3th floor (5a-38) and three
locations on the toch floor (16a-16c) (see fig
2). Locanons 5a-5d and 16b were in areas
where wvisible sothng was present, while the
remaining four were in areas that were free of
soiling. To aveid exposure w rin, each Teflon-
coated aluminum plate was pliced under 2 gal-
vanized aluminum rain shield (fig. 4). Locations
5b and 5¢ were adjacent and were placed under
one larger rain shield. Previous work has shown
that run shields used i different configurations
may affeet 5042' particle dry  deposition
(Davidson et al. 1985), The effect of the rn
shields on 505 s deposition was conuidercd
by compartng fluxes to the wop owo and battom
twa deposition surfaces for all sampling loca-
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TABLE 2. ANALYTICAL DETECTION LIMITS, AVERAGE SAMPLE MASS, AND AVERAGE FIELD

BLAMNE MASS

Filter Type Analyte* Analytical Average Averago Field
Detecticn Limits Sample Mass Blank Mass
{1 on filtae} thg) kgl
Tefion NOy 0:2 189 0.92
50,7 D2 56.2 043
Mylon NG D2 26.0 0.47 ]
507 02 192 0.59
Cellulose 50,7 0g 284.0 140
Cellulose backup 50,7 08 0 100 .
Quartz Elemantal carbaon (121 70.5 0.80
| Cellulose vertical 50, 0.9 ZE30.0 250

Tetlon filters collected MO and SG,;TPJTELL'MS. while nylan fileers collected HNOg and small amouns

of St'_'.l_-z: cellulose flrers collected S0,

“Average excludes backup flters that were not found to be different from the blank ar 95% confidence.

TABLE 3 WEEKDAY, SATURDAY, AND SUNDAY AVERAGE PARTICLE CONCENTRATIONS

Sampling Perlod Average Concenirations of Awverage Concentrations of |
=0.5 pm Particles »5 um Parlicles x 100
[particles/cm”) {particles/om”)
Weekdays | Saturdays | Sundays | Weekdays | Saturdays | Sundays
2IBDE-2 296 241 14,4 52 B.BG 0.68 0.76
2261 2506 14.2 1.7 T.4a 1.02 0.75 036
TI24/D6-BI16/96 23.5 12.8 | 14.6 0.50 0.39 0.25

More! The first and last days of 3 ampling
0N Jverages.

tions. If the rmn shicld had interfered with SO,
delivery, then deposition to the upper surfaces
should have been different from deposition to
the lower surfaces. The average fluxes to the top
and bottom surtaces were not found to differ
with statistical significance,

4 RESULTS

4.1 AIRBORNE CONCENTRATIONS OF
CHEMICAL SPECIES

Airbarne concentrations of SO 42 particles, ele-
mental catbon parncles, 505 gas, and toral
MOy~ are shown in figures 5 and 6, Roesules of
SEM analyses of the polycarbanate membrane
filters are presented in a separate paper (Erye-
megian et al. 1998k), Averages and standard devi-
ations of concentrations are based on the owo

JARC 370109 187210

peried are not included in particle concentra-

side-by-side replicate samplers, When one of the
replicare samplers malfuncuoned, the concentra-
ton was obtained from a single sample. The
standard deviation for a single sample is approx-
imated by the concentration mulnplied by the
average coefficient of vararon (COV) for all
samples for which replicates are available (44 of
48 samples). The COV has been caleulazed as the
standard devistion divided by the average con-
centration, Each sample has been blank-cor-
rected by subtracting the average mass of analvie
found on field blanks from the mass of analyte
found on the sample (table 23,

Several authors have documented arnifacts
associated wich NOj species measarement using
staged filterpack systems (Appel et al, 1981,
Mulawa and Cadle 1985; Hering et al. 1988).
For example, volaule NO5~ aerasol deposited on
Teflon filters may subsequently evaporate, The
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vapor then redeposits on the dovwnstream nylon
filters, resulting in overesumared HNGO 5 gas and
underesumared NO45~ particle concentranons.
In order 10 account for possible sampling arn-
facts, NOy species concentrations from  the
experiments reported here are conservatively
expressed as total MOy (HNO4 gas and NOy
particles) by summing values from the Teflon
and nylon Aleers.

55 concentrations are based on the chemi-
cal analyses of both the nylon and cellulose fil-
ters, since the aylon fGlters rend o remove some
50 from the airstream (Chan et al, 1986; Cadle
and Mulawa 1987), Experiments i the fall of
1995 showed that two sets of cellulose filrers
may be needed to capture all of the 505 at high
concentrations, Therefore, a second pair of cellu-
lose filters was added dewnstream of the first set
{or the latter part of the fall experiments and all
FemaLning runs.

As with the other airborne concentration data
presented here, the standard devianons of ele-
mental carbon concentrations reflect the wari-
abality berween two side-by-side replicate air-
barne concentration Samplr_‘rﬁ. However, only 10
af the 48 samples and 5 of the 19 field blanks
have had replicate chemical analyses. Therefore,
the standard deviations of carhon mass on each
filter are approximated by the average COV of
the samples for which replicate chemical analy-
ses have been performed.

4.2 LASER. PARTICLE COUNTS

Examnples of particle counts for the period
February 16-20, 1996, appear in figure 7.
Although pardcle concentration data are available
on a 2-minure averge basis, the concentrations in
figure 7 have been averaged over 1) minutes o
mmprove lembibity, Daly average, maamum, and
mimimum particle concentrations are plotted in
figure 8, and weekday v, weekend partcle con-
centrations are presented i table 3.

4.3 VERTICAL DEPOSITION FLUX AND

VERTICAL DEPOSITION VELOCITY

Measured vertical deposition fluxes and depo-
sitton velocities appear i figures 9 and 10,505
tHux averages and standard deviations are based
on the four replicate cellulose filters on each
Teflon-coated aluminum plate. Vertical deposi-
tion Aux is a measure of how much 305 has
deposited onto the surrogate surface per unir
area per unit time. The deposition velocity Vg is
calculared by dividing the deposition tlux by the
aitherne concentration. The average depositon
velocity and standard deviation have been caleu-
lated using:

Vg = 00116+ F/C

% _"CJ.m 16 = :sF)-? +(J_f_li 16 F » gc)z
r' oo P
{ : .

where:

V4 = deposition veloory, cmds

= 4 )

F = average flux to surrogare surfaces, ngd(cm® » day)
) = average aithorne concentration pg/m-

o,, = standard deviation of deposition velocity. cm/s
o = standard deviation of deposition flux, nga‘{cmz
. dav)

0, = standard deviation of airborne concentration,
uga"m*"

and 0.0116 15 a conversion factar,

The average archorne concentration C used
for caleulating V4 on ether the Sthoor 16th
floor i based on the twa T—aeek aithorne con-
centrations measured on the corresponding
floor. It 15 assumed that this average airborne
concentration applies to.all of the flux mea-
surement sites on that patio. This 15 a reasonable
assumption based on the agreement bevween

JAIC 37(1998): 187210
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Fig. 73, Laser particle counts for =005 um particles, February 16-20, 1996, Majar and minor uek marks correspond
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Fig. 8b. Draiby average, maximum, and minimum laser particle counts {or = 5 pm particles. Maxima on
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nvely, Vertical bars extend from minimum o maximum measured concentrations.

the two replicate sets of filters sampled on each
patio.

The surrogate surfaces used in this scudy are
considered ta be perfect sinks for Sf}g, and thas
30 is assumed te be instintaneously and com-
plecely removed when it reaches the fileer. The
deposition veloeity is thus only 4 measure of gas
phase mass trinsport from the atmosphere to the
surrogate surfaces and does not include any pos-

sible surface resistance. Since mestone 15 not a
perfect sink for 505, the deposition velecities to
the stone surface will be lower than those mea-
surcd uvsing surrogare surfaces.

JAIC 37(1998): 187-210
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TABLE 4. P-VALUES FOR TWO-SIBED T-TESTS OF SAMPLE MEAN FOIL CHEMICAL SPECIES

ATRBORNE CONCENTRATIONS

" Chemical Species P-Values for 5th P-Values for 5th P-Values for 16th
Floor and 16th Flaor Floor and Raof Floor and Roof
50, 0,953 0.093 0.959
ot NOy 0.981 0.478 0500
50, | 0.475 0,539 0.855
Elamental caran 0.597 .58 0451

In order for rwo sets of data to have significancdy different mean values (in 3 statistical sensed, the Povalue
has to be Jower than unity minus the confidence of the test. For example, to show char mean concentra
tions for a chemical species on the 5th floor are different from those on the 16th floor with 95% confi.
dence, the P-value would have to be less chan 0.05{1.0,95),
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Fig, [T, The Cathedral of Learmng, 19305 and pres
ent. The photograph on the left was taken ¢, lare
19305 {courtesy of the Carnegie Library of Pirs-
burgh, Oakland Branch, Picsburgh, Peonsylvama),
whereas the phatograph on the nghe was taken in
1995, A compatison of the areas within the circles
illuserates how suaface satlmg at some locattons on the
building has decreased. This soiling s due to deposi-
tion and chemical reacton of air patlutants on the
limestone surface

5. DMSCUSSION

3.1 AIRBORNE CONCENTRATIONS OF
CHEMIECAL SPECIES

The wmrborne concentration data have been
amalyzed statiscically osing o two-sided t-teste
for averages. Significant differences in concen
rrations among the three sampling locations do
not exist for any of the pollutants considered
(table 4):

The presence of a vertical concentradon geadi-
ent requires that two conditions hold true, First,
emissions from nearby sources must be suffi-
ciently large w0 increase pollutint concentrations
Second,
atmospheric mixmg must be suthciently small

above the urban background  level,

[haI 1;'(:]":]{::1'. concentration diﬁ’{_‘]’{_‘l](—-;_"ﬁ CIn F":-I'_"[’F_,I'i.l'__

SDE' and NO4~ particles and HNO gas are
generally secondary pollutanes thar form from
chemical reacnions in the ammosphere {Seinfeld
and Pandis T998), Therctore, o spatial seales
carrespanding o the height of the cathedml,
aitborne of these

CONCLNIrancns SPeCIes  are

expected to be spanally hamegeneans smee

o3

f‘%‘j‘
fg ‘-?-?
f’r.p
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i
&
79%
e

annual precipitation {inches)
k. N Cad Ju n
L) Lo o [ [ i ]
% e ——
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T
S

Fig. 12. Annual precipiation for Picsburgh, The
rrumbers on the x-axis represent the middle year of
the 18-vear period vsed o obram the average anmueal
precipitacion shown. Datz were oboned from the
Matonal Climate Draea Center web page

therr formation is sufficiently slow o allow mix-
mg 5(}42' and N4~ are somenmes associated
with coarse particles, in part due to sorption of
.‘CHE and E"[Nt'}j onto lkabme soul dust (Wallt
L984). The absence of a cancentranon gradient
in SO, particles and total N sugpests that
i these species are associated with coarse paru-
cles. there 15 adequate nuxing o disteibuee them
over the hewhe of the cathedral. The fact that
elemental carbon does not exhibit a condentration
gradient supgéses that motor vehicle enissions
trom adjacent streets and the emissions from che
nearby coal-fired steam plant are ceither rapadly
maxed or else do not conmbute sgnibcantly w
concentrattons at or above the 3th foor

To investigate the exeent of pellutant mixing
near the building, a limited number of measire-
ments of veracal wind speed were conducted on
the 3th and 16th floor patios on five davs during
the term of this project, Hesules show the pres
ence, of strong vertical air meoons along che
walls of the bulding on all davs rested. Although
prelummary, these results provide qualitarive evi-
dence of vertical mixing ¢ 4 consequence of
wind impinging on the cathedral

3.2 LASER PARTICLE COUNTS

[nthe =05 pmesize range, parncle counts by
LI do o mer show a sigmifeant  difference

FALC FF01008) 187211
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Feg. 13. Washing of 2 soiled surface at the cathedral
by mindeops impinging on a min shield The rain
shield shown was mounted an the wall of the cathe-
dral in Janwary 1993 This photograph was taken in
September 1997 The portion af the wall 2bove the
rain shield has been cleaned by raindrops impanging
on the top surface of the rin shield

between the Sthoand 16ch foors (fgs. 7,8
However, =5 um particle counts are on average
30% higher on the 16th floar than on the Sth
floor. Because of their greater inerna, samphng
af large particles 1s more sensitive to factors such
as inlet angle, flow characteristics in the inlet,
and ambient wind direction. Therefore, the dis-
cIepancy in =3 pm concentragons between che
two floors should be regarded with caution.
MNarte that the chemical species data do not show
a difference between the 5thoand 16th Aoors; of
the =5 pm particle concentrations are indeed
shghtly greater on the 16th floar, then it &
unlikely that there i much 3042'. MNO3", or
carbon mass associated with these arge particles,

Figures 7 and 8 both demonstrate thar parti-
cle counts can vary considerably over the course
of 4 day. In figure 7, maxima and munima for
=0.5 pm particle concentrations comgcide well
with those for =5 pm particles, This agreement
between concentrations in the two particle
stzes is found m most of the LPC dara. How-

ever, changes in =0L5 um particle concentra-

tions are not well proportioned with those of

=5 pum particles, The correlation coefficient far

JATC 3701994 187-2110)

the data in figure 7 is (.41, whereas the 24-
hour-based correlation coefficients for all avail-
able LPC data range from -0.27 to 0,90, with 2
median value of 0.37. The low positive and
occasional negative correladons are not sur-
prising. Some meteorological parameters such
s atmuospheric stability may qualitatively affect
=3 pm and =5 pm pardele concentrdons
sinularly. However, particles in these two size
ranges are generally not emitted by the same
sources and are not subjected to identical trans-
POTT processes,

Table 3 shows that concentrations on Satur-
days anid Sundays are lower than those on week-
days. This finding i consistent with the expecta-
ton of reduced motor vehicle waffic and, possi-
bly. reduced operations of some seationarv
sources on weekends in the Pittsburgh area.

S 3VERTICAL DEPOSITION FLUX AND
VERTICAL DEPOSITION VELOCITIES

There 15 considerable spatial variability in
505 deposition within cach pato. However,
maost deposition velocities (V) are in the range
(L= cmds, 3 finding in agreement with
unpublished data obtamed previously at the
cathedral (Lucz et al, 1994 Ervernczian et al
1993). The values are also in agreement wath
measurements wsing the same method by W et
al (1992) an a bronze equestrian statue in Get
tysburg Manonal Milicary Park, The greatest
deposition velocites on the 16cth floor corre-
spond to locations 16a and 16c The average
deposition velacities for the full vear are (185 +
L3 emdy for the 16th floor, compared with
U.69 £ 0.07 em/s for the 5th floor. The sampling
locations on the 16th floor are more exposed
than those an the 5th floor, a2 difference thar
may, i part, be responsible for the slightly
higher deposition velocities, Note thae sites 5
and 5f, the maost exposed sites on the 5th floor,
have the highest deposition velocities on thar
tHoor It 35 also of mterest that the relative mag-
nituces of deposition velociy at one location
with Tespect to another lacanion do not change
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seasonally, For example,V 4 15 consistently higher
at location 16¢ than it is at locacons 5h, 5c, 3d,
Se,and 53F Unpublished results of previous sam-
pling at the cathedral show a similar trend for
5042' particle depositon (Gould et al. 1993;
Lurz er al. 1994; Eryermezan et al. 1995). Thesc
data also show that deposition Huxes of 80,2
parucles to surrogate surfaces are usually ac least
a factor of 10 lower than those for 505, In the
earlier studies, surrogate surfaces for SO42 par-
ticle and SO gas collection were exposed on
the 5th floor ar five locatons,

Lacations 5f, 16a,and 16c are on parts of the
building where there 15 no visible soiling. Loca-
tion 5ais msde a 0.5 m heavily soiled indent on
the wall, The portion of the wall immediately
outside the indent and closer to the outer cor-
ner of the pado is clean. Overall, those sampling
locations with the highest deposition velocities
correspend o unsoiled parts of the building sur-
tace, and these are in relanvely exposed areas,
Furthermore, observations of the building dur-
ing rainstorms and results from a recent model-
ing study (Eryemezian et al. 1998a) both sugpest
that these exposed arcas also experience the
most impingement by rain. Thus, we propose
that deposition of pollunns and surface min
washing are processes in dynamic compention,

Archival photographs showing changes in
soiling from the 19305 to the present support
this hypothesss. These photographs show heavy
soiling in the early vyears. with decreasing
amounts of soiling in more recent times, Exam-
ples of two photographs, from the Tate 19305 and
from 1995, are shown in fgure 11.The first pho-
tograph shows extensive sotling on the south-
western facade. In contrast, the later photograph
shows that the top one-third of the building i
virtually free of soiling, and that the demarcation
line between soiled and unsoiled surfaces has
receded on other pares of the building. Figure 12
indicates that the amount of annual precipitation
has been roughly constant over these decades.
However, airborne concentrations of 504 and
particles have decreased steadily over the same
tme period (Davidson 1979, Thus, those areas

of the facade that were soiled in the fate 1930s
have become unsoiled in recent years because
the rate of removal of soiled material by min
washing s greater than the rate of soiling by pol-
lutant deposition and chemical reaction, The
carlicr photograph suggests that the opposite
was true in the lae 1930k

A study of the composinan of the limestone
on the Cathedral of Learning (McGee 1997)
supports the hypothesis that the soiling is a
direet resule of pollutant deposition. McGee has
collected 37 samples of black, light, and red-
brown sueface materaal for exammation by
oprcal microscopy and scanming  electron
microscopy with energy dispersive x-ray analysis
of some samples. The black samples are com-
posed primarily of gypsum (CaS0y) and con-
tun numerous iron-, silicon-, and aluminum-
rich fly ash particles. This finding is ateeibured to
deposition of metal-containing particles and sul-
fur from pollutant sources in the are. The light
surfaces are primarily calcite with only minor
amounts of gypsum and metals. McGee (1997)
reports that the microscopic and macroscopic
appearance of light samples 15 similar to that of
other hmestone samples that are regularly
washed either by rain or by routine cleaning,
The colar of the red-brown samples is ateributed
to rust from small metal spheres lodged in the
stone, probably as a resul af surface hnishing of
the limestone block,

It 15 of interest that one of the rain shields
shown n figure 4 was deployed 1n a soiled area
on the Sth-floor patio in January 1993; since
then, the surface of the stone immediately above
the rain shield has become cleaned by splashing
raindrops (fig. 13). Clearly, the presence of this
rain shield has caused a local disturbance in the
balance between pollutant deposinon and sur-
face mn washing and has enhanced the amount
of washmg,

54 APPLICABILITY ©OF RESULTS TO
OTHER LIMESTONE BUILDINGS

The absence of a vertical pollutant concentra-

JAIC 37(1998): 187-210
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tion gradient s probably due o a combination
af factors that have implications for buildings
wther arcas, First, it s hikely that vertcal mixlﬁg
is enhanced by the presence of the building; cill
buildings in other aress may also have strong
upward air motions that can deliver pollutanes
generated near the ground to upper levels, Sece
ond, the loeation of pollutién sources around
the cathedral can greatly atfect the arhorne
concentrations at the buildimg, The cathedral 15
located in a2 major urban area with considerable
local traffic as well as mobile and stationary
sources for several kilometers in all directons.
Thus, the contributions from nearby sources
(within a few hundred meters) may be dimun-
shed by the presence of numerous regional pal-
luton sources. Mote that pollurants from several
kilometers away have tme o mix vertically in the
ammosphere and can increase airhorne concentra-
tions at higher clevations. Effects of nearby
sources may be more pronounced in cases where
# building is located in a less-polluted serting,

Third, the presence of nearby buildings i likely
to have a major effect on dispersion near any
building. The cathedral 15 considerably wller than
the surrounding buildings and s 80 m from the
nearest buildings to che north and west and over
120 m from the nearest buildings o the south and
east. This isolation eliminates some of the tap-
ping of pollutants that may occur in narrow street
canyots, as reported by Lee and Park (1994),

It must be noted that no nieasurements in che
present study were conducted below the Sth
floor, and thus conclusions regarding the
absence of a concentration gradient apply only
above this level,

The concept of pollutn deposition and ran
washing as competing processes has implications
for other buildings. Comparing modern and
archival phaotographs of the cathedral shows
general decreases in the soiling that are qualica-
tively consistent with decreases in pollutant con-
centration. Archival phorographs of buildings
where sothing is due to microbial activity muay
show distinetly different patterns,

JAIC 37998 1857210

6. SUMMARY AND CONCLUSIONS

In order to better understand pollutant sources
and transport pathways responsible for the soil-
g of a wll limestone building, this study has
wvestigated whether vertical gradients in air-
borne pollutant concentrations and deposton
Huxes currently exist at the 42-story Cathedral
of Learning in Piesburgh, Pennsylvana. The
study has also considered long-term changes in
soiling on the building 35 a means of identifying
the rales of pollutant deposiion and min wash-
g in-affecting the soiding patterns,

The study invalved measurements of airharne
conceniraions of 5043‘ particles, elemental car-
bon particles, SO5 gas, and total NOy~ (NOy~
particles and HINO; gas) on the 5th floor, 16th
tloor, and roof, In additon, SO deposition uxes
were measuted on the 5th and 16th Hoars, and
laser particle counters were wied on these sime
ewo floors to measure arhorne particle number
COMCENITAdons in two size ranges: =05 pm and
=5 pm. The experiments were conducted for 4
weeks during each of the four seasons of the year
beginning in @l 194935,

The aitborne chemical species measurements
mdicate dhat there are no staustcally significant
vertical gradients for any of the pollutants, The
lack of a gradient is arcributed o a variery of
regronal and local sources that arc expected 1o
be well mixed by the time they reach the cathe-
dral, vertical winds in the vicinity of the build-
ing, and the lack of binldings nearby that mighe
otherwise trap pollutants and prevent vertical
mixing. The laser particle counts for >0.5 pm
particles likewise show lack of gradient,
although the =5 pm particles show shightly
greater aitborne particle number concentrations
an the 16th floor compared with those on the
ath floor.

Deposition fluxes and deposition velocities of
S0 to surrogate surfaces show small but consis-
tent differences among the locatons sampled.
Values are greatest at locations that are most
exposed to the wind such as the outside corners
of the patios, The values are greater on the 16th
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floor than on the Sth flogr, partly becawse two of
the three 16eh fdoar samgling locations are situ-
ated on the corners of the patio,

Comparison ol archival with more recent
phatographs shows that the soiling on the cathe-
dral has decreased over ume. This observation 1s
consistent with decreasing trends in airborne
pollutant concentrations” over the past several
decades. It is thus likely that rain is washing
solled material off the building surface at a
greater rate than chemical species are deposinng
and reacang with the surface. The opposite appar-
endy was true in the 19305, when wr pollutant
concentrations were considerably greater than ar
present.

Overall, these results may be of interest to con-
servators who must develop strategies for clean-
ing and restoring building surfaces and for pre-
venting furure damage: Although the conclusions
reached here are a result of testing ar the Cathe-
dral of Learming, 1t 15 hkely that muany of the find-
ings alo apply to buildings i ather urban aress,
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